The reaction of one equivalent of [n-Bu 4 N] 2 [Ni(opboR 2 )] with two equivalents of [Cu(pmdta)(X) 2 ] afforded the heterotrinuclear Cu II Ni II Cu II containing bis(oxamidato) type complexes [Cu 2 Ni(opboR 2 )(pmdta) 2 ]X 2 (R = Me, X = NO 3 -(1); R = Et, X = ClO 4 -(2); R = n-Pr, X = NO 3 -(3); opboR 2 = o-phenylenebis (NR-substituted oxamidato); pmdta = N,N,N',N",N"-pentamethyldiethylenetriamine). The identities of the heterotrinuclear complexes 1-3 were established by IR spectroscopy, elemental analysis and singlecrystal X-ray diffraction studies, which revealed the cationic complex fragments [Cu 2 Ni(opboR 2 )(pmdta) 2 ] 2+ as not involved in any further intermolecular interactions. As a consequence thereof, the complexes 1-3 possess terminal paramagnetic [Cu(pmdta)] 2+ fragments separated by [Ni II (opboR 2 )] 2-bridging units representing diamagnetic S Ni = 0 states. The magnetic field dependence of the magnetization M(H) of 1-3 at T = 1.8 K has been determined and is shown to be highly reproducible with the Brillouin funcBeilstein J. Nanotechnol. 2017, 8, 789-800. 790 tion for an ideal paramagnetic spin = 1 / 2 system, verifying experimentally that no magnetic superexchange couplings exists between the terminal paramagnetic [Cu(pmdta)] 2+ fragments. Susceptibility measurements versus temperature of 1-3 between 1.8-300 K were performed to reinforce the statement of the absence of magnetic superexchange couplings in these three heterotrinuclear complexes.
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Introduction
Significant synthetic efforts have been directed to the synthesis of polynuclear species in which the metal ions are bridged by oxamato, oxamido, oxalato or dithiooxalato ligand [1] [2] [3] [4] . In this context, the so-called bis(oxamato) type transition metal complexes as mononuclear species (Figure 1 , type I) have received very special attention, as they allow the synthesis of multidimensional nD (n = 0-3) products, of which the magnetic properties were of specific interest [5] . Bis(oxamidato) type complexes ( Figure 1 , type II) have, on the other hand, received much less attention [6] [7] [8] [9] , although the flexidentate properties of these as well as type I complexes allows the convenient synthesis of the trinuclear type III and IV complexes, cf. The magnetic characterization of type III complexes has already significantly contributed to a better understanding of the origin of magnetic exchange interactions in polynuclear complexes [5, 12] . One could expect that due to the lower electronegativity of the nitrogen atoms of type III (compared to the oxygen atoms of type IV complexes), the magnetic exchange couplings should increase [1] . These are studies to which we have already contributed [13] [14] [15] [16] [17] [18] .
Basically, one can expect different magnetic exchange pathways between the paramagnetic metal ions of type III and IV complexes as depicted in Figure 2a and consequently these complexes might possess three different pathways in case that they are composed of three nonequivalent metal ions. To some extent, that has been already shown for heterotrinuclear Mn II Cu II Mn II (S = 9 / 2 ) and Ni II Cu II Ni II (S = 3 / 2 ) type III complexes [19] [20] [21] . Thus, by locating a small local between two large spins (Figure 2b ), complexes with high-spin ground states can been obtained.
If we follow this idea further we could replace the middle local spin, cf. Figure 2b , by a diamagnetic fragment. This would allow unambiguous verification of whether type III/IV complexes might have J 1,3 magnetic couplings (Figure 2a) or not. There is already a first study of Sanada et al. [11] , who reported for the heterotrinuclear Gd III Ni II Gd III type IV complex (S = 7 / 2 ) a very small J 1,3 coupling of −0.002 cm -1 . However, this small coupling might be attributed to the shielding effect of the outer-shell electrons on the 4f electron of the Gd III ions [11] . On the other hand, for homotrinuclear Cu II Cu II Cu II type III complexes, J 1,3 couplings were either assumed to be zero or negligible [14] [15] [16] 22] . One can thus conclude that J 1,3 couplings are very small.
In our earlier work, we previously reported on the magnetic characterization of homotrinuclear Cu II The molecular structures of 1A-3A are similar to each other and thus structural features of all three complex fragments will be discussed together. A collective plot of the molecular structures of 1A-3A in an analogous perspective view is shown in Figure 3 . Selected bond lengths and angles of the [Ni(opboR 2 )] 2-and of the [Cu(pmdta)] 2+ complex fragments of 1A-3A are given in Table 1 and Table 2 , respectively. Crystal and structural refinement data are summarized in Table 3 . (11) Bond angles
129.7(6)/129.9(7) 128.7(8) 128.2(7) N2-C2-O2
127.1(6)/126.7(7) 125.0(7) 126.3(7) N3-C3-O3(N1A-C1A-O1A) a 129.6(6)/129.5(7) 128.7(7) 128.2(7) N4-C4-O4(N2A-C2A-O2A) a 126.1(6)/127.8(7) 126.9(7) 126.3 (7) a Data in brackets refer to respective bond lengths and angles of 10A. Symmetry operation used to generate equivalent atoms 'A' for 10A: -x, y, -z + 3 / 2 .
[n-Bu 4 N] 2 [Ni(opba)] (11) [17, 24] . In case of 1A-3A this feature is observed as well, cf. Table 1 .
The Ni-N bond lengths of the NiN 4 units of 1A-3A fall into two categories: The Ni-N aryl bond lengths are significantly shorter compared to the Ni-N alkyl ones [25] . For example, the Ni-N aryl bond lengths of 1A (Ni1-N1 and Ni1-N3, = 1.864(8) Å) are substantially shorter compared to the Ni-N alkyl bond lengths (Ni1-N2 and Ni1-N4, = 1.912(8) Å). This fact is in principal in agreement with the observations made for 12 [9] and could be explained in analogy to statements made for mononuclear Cu II -containing bis(oxamato) complexes by the greater basicity of the N aryl vs the N alkyl donor atoms [24] .
In the following the geometries of the terminal [Cu(pmdta)] 2+ fragments will be briefly described. It should be emphasized that the findings described in the following have been made analogously for our previously reported homotrinuclear Cu II Cu II Cu II complexes as described in [15] . Thus, the terminal Cu II ions of 1A-3A are each coordinated by two O donor atoms of the oxamidato groups as well as three N donor atoms of the pmdta ligands to form CuN 3 O 2 coordination units closer to the ideal square-pyramidal compared to the ideal trigonalbipyramidal coordination geometry with respect to their τ parameters [26] , cf. the function and the middle N donor atom of the pmdta ligands, cf. Figure 1 and Table 2 . A related observation was made recently for the asymmetric trinuclear complex [Cu 3 (opooMe)(pmdta) 2 ](NO 3 ) 2 (13, opooMe = o-phenylene-(N'-methyl oxamidato)(oxamato)) [13] and has been compared to observations made for bis(oxamato) type entities. As observed for the CuN 3 O 2 units of 1A-3A, even in the case of 13, the largest O-Cu-N bond angle involves the O donor atom of the function for the oxamidato side, whereas in case of the oxamato side the largest bond angle involves the O donor atom of the function. Consequences of this observation to magnetic exchange couplings have been discussed [13] . Thus, it seems that for polynuclear complexes comprising one or two oxamidato groups, cf. [13] and [15] , this specific feature of the terminal CuN 3 O 2 units is of broader validity. It is recalled that the Ni II ions of 1A-3A are not coordinated further by any counter anions and/or solvent molecules. In contrast, in Cu II Cu II Cu II type III complexes ( Figure 1 ) the central Cu II ions are commonly further coordinated, even by BF 4 -ions [14] . Hence, the Ni II ions of 1A-3A indeed represent diamagnetic S Ni = 0 states. Specifically, this property makes them excellently suited candidates to experimentally verify whether long-range magnetic superexchange interactions along two consecutively aligned oxamidato and even oxamato bridges are possible.
Magnetic properties
The results of the measurements of the magnetic field dependence of the magnetization M(H) for samples 1, 2 and 3 at T = 1.8 K are shown in Figure 4 , Figure 5 and Figure 6 . All curves can be very well fitted with the Brillouin function for spin S = 1 / 2 and the spectroscopic g-factor g = 2.1 determined from the electron spin resonance (ESR) spectra (not shown):
( 2 and 3 , respectively. This discrepancy of the order of ≈10% in average could be attributed to remaining amounts of packing solvent molecules and thus errors in the determination of the molecular weight. It could be attributed furthermore to the hygroscopic nature of vacuum-dried single crystals of 1'-3' and as the sample preparation was performed under aerobic conditions, cf. Experimental Section and Supporting Information File 1, giving thus errors in the determination of the molecular weight of the samples. Further insights into the magnetism of the studied samples can be obtained from the analysis of the temperature dependence of the static magnetic susceptibility χ = M/H. The curves χ(T) and the corresponding inverse susceptibility χ −1 (T) for 1, 2 and 3 are presented in Figure 7 -9. These dependences for 1 and 2 can be very well understood in terms of the Curie-Weiss law: (2) Here, χ 0 is a temperature independent term comprising the van Vleck and diamagnetic susceptibilities, N A is the Avogadro number, and θ is the Curie-Weiss temperature which is a measure of the magnetic interaction between the spins. Since the analysis of the M(H) curves reveal no interaction between Cu II spins, θ can be assumed zero. With S = 1 / 2 , g = 2.1 and the values of from the saturation magnetization M sat (H) one can calculate the dependence (Equation 2) versus as plotted in black in Figure 7 and Figure 8 . Obviously, the plots agree well with the experimental dependence χ −1 (T) for 1 and 2. Here, the values χ 0 = 5·10 -5 erg/G 2 /mol and 1·10 -4 erg/G 2 /mol were chosen for samples 1 and 2, respectively. From the above discussion one can therefore conclude that the self-consistent analysis of the M(H) and χ(T) dependences gives evidence for the absence of magnetic interaction between the terminal Cu II ions in the heterotrinuclear Cu II Ni II Cu II complexes 1 and 2. Unfortunately, no definite conclusion can be drawn for complex 3. The similarly calculated curve according to Equation 2 is shown by the black solid curve in Figure 9 . It strongly deviates from the measured χ −1 (T) dependence. Correspondingly, the product χ(T)T increases with temperature ( Figure 10, inset) . There is obviously an additional contribution to the static susceptibility, leading to lower values of the inverse susceptibility of the sample. This contribution is absent in the magnetization data at T = 1.8 K, suggesting that it may originate from some species in a concentration of the order of 10% with thermally activated magnetism. The difference Δχ = χ exp − χ cal is plotted in Figure 10 , main panel, and might originate from paramagnetic impurities, cf. [16] . On the other hand, vacuum-dried powders of 3' appeared as more hygroscopic compared to the ones of 1' and 2', cf. above and Supporting Information File 1. As the sample preparation was performed under aerobic conditions, it is imaginable that air moisture had an impact on these measured as it is shown for the IR spectroscopically characterized 3. Attempts to model this contribution with some specific models invoking possible exchange interactions between the two Cu centers (e.g., [13, 15, 27] ) were not successful. 
Conclusion
The three heterotrinuclear bis(oxamidato) type complexes comprising [Cu 2 Ni(opboR 2 )] 2+ fragments (R = Me (1), Et (2), n-Pr (3)) could be successfully synthesized and their identities have been unambiguously established by single-crystal X-ray diffraction studies. These studies revealed that all [Cu 2 Ni(opboR 2 )] 2+ fragments are not involved in any intermolecular interactions and are thus discrete in the solid state. That made these three complexes especially well-suited to experimentally verify that there are no magnetic superexchange couplings between their terminal [Cu(pmdta)] 2+ fragments. Thus, we can conclude that for trinuclear type IV as well as type III complexes incorporating exclusively 3d transition metal ions, no long-range magnetic couplings across two consecutively aligned oxamidato or oxamato bridges can occur.
Experimental General methods and materials
All chemicals were purchased from commercial sources and used as received unless stated otherwise. All reactions were carried out under an atmosphere of dry argon using standard Schlenk techniques and vacuum-line manipulations unless stated otherwise. All solvents were distilled prior to use and were purified/dried according to standard procedures [28] . NMR spectra were recorded at room temperature with a Bruker Avance III 500 Ultra Shield Spectrometer ( 1 H at 500.300 MHz and 13 . Static magnetization measurements at T = 1.8 K and in magnetic fields µ 0 H up to 7 T were carried out with a 7 T VSM-SQUID magnetometer from Quantum Design. The temperature dependence of the static magnetization was measured in a temperature range T = 1.8-300 K and at µ 0 H = 1 T with this device. For these magnetic measurements, single crystals of the individual complexes were taken and gently heated (ca. 35 °C) overnight in vacuum to obtain materials free of packing solvents. Unfortunately, no inspection of the vacuum-dried crystals under the microscope was possible due to the hygroscopic nature of the materials, cf. below and Supporting Information File 1.
Singe-crystal X-ray crystallographic studies. Intensity data of 1', 2' and 3', respectively, were collected on an Oxford Gemini S diffractometer with Cu Kα radiation. The structures were solved by direct methods and refined by full-matrix leastsquares methods on F 2 with the SHELX-2013 software [29] . All non-hydrogen atoms were refined anisotropically, and riding models were employed in the treatment of the hydrogen atom positions. Crystallographic data have been deposited at the Cambridge Crystallographic Data Center under the CCDC numbers 923899 (1'), 923898 (2') and 923900 (3'). In case of 1' one CH 2 Cl 2 packing solvent molecule has been refined to an occupation factor of 0.75 (Cl7, Cl8, C61) and another CH 2 Cl 2 packing solvent molecule (Cl5, Cl6, C64) has been refined disordered on two position with occupation factors of 0.75/0.25. In case of 2' the two ClO 4 -counter ions were both refined disordered on two position with occupation factors of 0.61/0.39 (Cl1, O5-O8) and 0.50/0.50 (Cl2, O9-O12), respectively. Crystals of 2' were all twinned. The selected one was composed of two nearly equally populated domains covering ca. 98% of all measured reflections, which were simultaneously integrated to generate a hklf 5 file with the diffractometer software [30] . In the case of 3', the CH 2 Cl 2 packing solvent molecule (Cl1, Cl2, C18) has been refined disordered on two position with occupation factors of 0.67/0.33. After stirring for 1 h, the resulting reaction mixture was concentrated to approximately 5 mL and Et 2 O (100 mL) was added to give a green precipitate. The overlaying solvent mixture was removed via a Teflon tube and MeCN (5 mL) was added to dissolve the residue. A mixture of THF/ Et 2 O 4:1 (100 mL) was added to precipitate a green powder, which was washed twice with the same solvents mixture (50 mL). After removal of the supernatant, the remaining solid was dried in vacuum. Crystals suitable for X-ray crystallographic studies were grown by slow diffusion of Et 2 O vapour in CH 2 Cl 2 solutions of 1 and 3 and in a MeCN solution of 2. Supporting Information File 1 gives the IR spectra of 1-3, respectively.
Synthesis of [NiCu

